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Abstract. The lowland of Piura, in northwestern Peru, is
very strongly impacted by El Nin˜o. Its climate is arid but
can experience very heavy rainfall associated with the high
nearby sea surface temperature (SST) during El Nin˜o events.
Rainfall, however, tends to occur in discrete, intense events
and an understanding of the physical conditions favoring
a particular day with heavy rainfall over others is of both
scientific and practical interest.
In this work, we consider the rainy periods of December
1997 to April 1998 and March to April 2002, correspond-
ing to very strong and weak to moderate El Nin˜o conditions,
respectively, and search for systematic differences in the at-
mospheric circulation that may account for the day-to-day
variability of rainfall in Piura. Composites of vertical pro-
files of winds measured by wind profiling radars in Piura, as
well as composites of NCEP/NCAR Reanalysis wind fields,
suggest that rainy days are associated with an enhanced on-
shore westerly low-level flow, which may help the triggering
of convection by orographic lifting over the western slope of
the Andes.
Synoptic control was evident in the rainfall record for
1997–1998 but was not as clear in that of 2002. However, in
both periods of study the low-level flow over Piura, which we
found to be important for the triggering of rainfall, was mod-
ulated by tropical synoptic scale disturbances. The structures
of the composited wind differences suggest that they may be
related to equatorially trapped tropospheric waves, particu-
larly Kelvin and n=1 Rossby waves.
Key words. Meteorology and atmospheric dynamics (Con-
vective processes; mesoscale meteorology; tropical meteo-
rology; climate and interannual variability)
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1 Introduction
There is a well-known relationship between the occurrence
of heavy rainfall in the otherwise arid state of Piura, on the
northern coast of Peru, and the presence of abnormally high
sea surface temperature (SST) close to the coast (Eguiguren,
1894). For example, during the 1997–1998 El Nin˜o the to-
tal accumulated rainfall in the city of Piura was 1802 mm,
thirty times its normal value (Table 1). It has been established
that it is the absolute value of SST, rather than its anoma-
lies, that determines that rainfall occurs on those time scales
and that there is a threshold value of approximately 26◦C
that typically has to be exceeded for it to happen (Woodman,
1999). The warm SST anomalies are considered to be the
consequence of abnormal poleward incursions of the “Corri-
ente del Nin˜o” (Christ child’s current), which was the name
given by the sailors from Paita, a port in the state of Piura,
to the warm counter-current that occasionally appeared after
Christmas along the coast of Piura (Carrillo, 1891).
The planetary boundary layer along the Peruvian coast is
normally topped by a thermal inversion (Prohaska, 1973) that
limits the ascent of near-surface air parcels. Radiosonde data
for Piura during December 1997 and January 1998 show
that even in extreme El Nin˜o conditions an inversion layer
is not uncommon.1 High SSTs favor the formation of con-
vective systems by moistening and heating the near-surface
air, which reduces the effect of the inversion on inhibiting
vertical motion. Over the ocean, a local surface temper-
ature maximum can produce low-level convergence of the
thermally driven boundary layer winds (Lindzen and Nigam,
1987), which can create a more favorable environment for
convection.
Monthly-accumulated rainfall values in Piura may typi-
cally be due to just a few isolated intense convective events,
and these events can produce severe disruption of the region’s
1 An inversion layer could be identified in 41 out of 47 soundings
during the December 1997–January 1998 period. It was located on
the mean at 760 mb, had a mean thickness of 9 mb and a mean
temperature change across the inversion of 1.2◦C.
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Fig. 1. Map of the region of study. Terrain elevation (m) is shown
in shading, rivers are indicated in blue and data locations with red
triangles. River basin boundaries are indicated in green.
infrastructure and economic activities. Therefore, it is not
only of scientific interest but also of practical value to un-
derstand the physical processes that favor some days over
others with rainfall. Since SST changes little from one day
to the next, other factors must determine whether it rains on
any particular day. For convection to start it is necessary that
near-surface air parcels are lifted to their level of free con-
vection (LFC), from which they can continue to rise unaided.
Thus, it is critical to identify the processes that force this lift-
ing.
Horel and Cornejo-Garrido (1986), Goldberg et al. (1987),
and Bendix and Bendix (1998) identified two mechanisms
that may generate convective systems:
– Extended instability: Occurs when the boundary layer
is sufficiently unstable for convection to begin without
the help of external forcing. This mechanism is believed
to be more important during strong El Nin˜o conditions
as in March 1998 (Ordinola et al., unpublished data2).
– Sea breeze: A local diurnal circulation driven by the
differential heating of the land and the sea by the Sun.
In Piura, onshore flow may force air over the slope of
the mountains, which are approximately 130 km inland
(Fig. 1), and the associated lifting may trigger convec-
tion. This mechanism can explain the spatial distribu-
tion of rainfall, which tends to be larger on the slopes of
the Andes, and explain the timing of the rainfall, which
tends to start in the afternoon and peak sometime in the
evening through early morning. Modulation of the in-
tensity of this circulation may affect the day-to-day vari-
ability of rainfall.
Mikami (1988) performed an empirical orthogonal func-
tion decomposition of daily rain station data for the
2Ordinola, N., Douglas, M., Yauri, H., and Flores, L.: Dis-
tribucio´n de lluvias en el norte del Peru´ y sur de Ecuador durante el
episodio El Nin˜o 1997–1998, unpublished document, 2001.
Fig. 2. Weekly sea surface temperature (◦C) at 6.5◦ S, 82.5◦ W in
1997–1998 (dashed), 2001–2002 (solid) and 1970–2000 climatol-
ogy (dotted). (Source: NCEP OI SST v2).
1982–1983 El Nin˜o. The dominant mode of variability was
coherent over northwestern Peru, and the corresponding time
series showed clear quasi-periodicity on the time scale of
a week during the period December 1982–February 1983,
which is evidence of modulation of rainfall by large-scale
meteorological conditions. Further along the rainy season,
when rainfall became more confined to the lowland, this
quasi-periodicity was not as evident, suggesting that the in-
stability mechanism became dominant. Similarly, Douglas
et al. (2000) noted quasi-periodic behavior of the rainfall
averaged over northwestern Peru with a period of approxi-
mately one week (Fig. 3) throughout the 1997–1998 El Nin˜o.
Furthermore, Douglas et al. (2000) found that, during the
1997–1998 El Nin˜o, daily and spatially averaged wind pro-
files in a broad region, including Piura, were characterized
by enhanced westerly flow below 5 km and weaker southerly
flow below 2.5 km during rainy events, although the causal
relation between the rainfall and the wind cannot be inferred
from their analysis. They also noted that the NCEP/NCAR
Reanalysis (Kalnay et al., 1996; Kistler et al., 1996) 850 mb
winds were not inconsistent with this result.
The present study revisits the analysis of Douglas et al.
(2000) and documents the differences in the atmospheric cir-
culation that may have resulted in convection on some days
and not others. We will perform the analysis for two periods
in which SST exceeded 26◦C near Lobos de Tierra Island,
which indicates favorable conditions for rainfall (Woodman,
1999). The periods of study are December 1997–April 1998
and March–April 2002, for which adequate wind data and
measures of precipitation are available. In 2002, conditions
were moderately favorable for rainfall and we therefore ex-
pected the sea-breeze mechanism to be the main factor for
initiating the rainfall. During the 1997–1998 El Nin˜o, the
conditions were more severe and the extended instability
mechanism was also important (Ordinola et al., unpublished
data2).
In the following section the climatic conditions during
the periods of study are described. The data and analysis
methodology are presented in Sections three and four, re-
spectively. The fifth Section contains the results. Conclu-
sions and discussion are presented in the final section.
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Table 1. Total rainy season rainfall in Piura and Chulucanas (mm) (Sources: PECHP, CORPAC, Ordinola et al., unpublished data2; Goldberg
et al., 1987).
Normal 1982–1983 1991–1992 1997–1998 February 2002 March 2002 April 2002 February–April 2002
Chulucanas 215 >4000 N/A 3735 76 338 237 651
Piura 60 2147 281 1802 7 138 110 255
2 Mean conditions during the periods of study
2.1 December 1997 to April 1998
The 1997–1998 El Nin˜o was one of the strongest on record.
Monthly averaged SST exceeded 29◦C, with anomalies over
8◦C, off Paita (5◦S). The NCEP OI SST at the grid point at
6.5◦ S, 82.5◦ W, which is southwest of Piura and near Lo-
bos de Tierra Island (hereafter Lobos de Tierra SST) and is
one of the locations that Woodman (1999) found to be most
closely associated with monthly rainfall, was as high as 29◦C
and exceeded the threshold of 26◦C proposed by Wood-
man (1999) for almost the entire period of study (Fig. 2).
The total rainfall in this period exceeded 3520 (1600%) and
1742 mm (2900%), the long-term climatology at Chulucanas
and Piura, respectively, with amounts comparable only to
those of El Nin˜o 1982–1983 (Table 1). The details of the
rainfall characteristics in this period have been described by
Ordinola et al. (unpublished data)2. TRMM monthly rain-
fall analysis between January and April 1998 shows that the
Intertropical Convergence Zone (ITCZ) was located anoma-
lously to the south and extended over to the coast of Ecuador
and southwards to Piura. This suggests that Piura was fa-
vored by the large-scale conditions generally associated with
the ITCZ. The NCEP/NCAR Reanalysis 1000 mb mean flow
over Piura for that period was southerly, which indicates that
the source of the moist and buoyant air in Piura in this pe-
riod was located generally to the south, consistent with that
suggested by Woodman (1999).
2.2 March and April 2002
Lobos de Tierra SST exceeded the 26◦C threshold between
the end of February and mid-April (Fig. 2). The SST anoma-
lies were moderate and reached 2◦C. An analysis of several
station rainfall records showed that the first significant pre-
cipitation took place on 27 and 28 February and the last
on 7 and 8 April. Table 1 shows that the rain amounts in
2002 were not as high as during 1997–1998, but in Piura, at
least, were comparable to those of the 1991–1992 El Nin˜o.
The TRMM monthly rainfall shows a double ITCZ structure
for this period, with the southern branch at the latitude of
Piura. However, the rainfall in Piura appears to have been
disconnected from the main branch. This suggests that, al-
though the large-scale circulation associated with the ITCZ
may have favored convection on Piura, the convection de-
pended on local processes. The Reanalysis 1000 mb monthly
Fig. 3. Daily mean rainfall (mm) for all stations in northwestern
Peru during period 1 December 1997–30 April 1998. Smoothed
curve suggests seasonal evolution. From Douglas et al. (2000).
averaged winds and Quikscat surface winds were southerly,
as in the 1997–1998 case.
3 Data
The following data sets were used in this work:
– The rainfall index is from Douglas et al. (2000), which
is the average rainfall for all available measurements
from about 100 stations in northwestern Peru from 1
December 1997 to 30 April 1998. This index was taken
from one of their figures (reproduced here as Fig. 3 for
convenience), which also included a smoothed version
of their index, roughly representing the seasonal varia-
tion.
– Zonal and meridional wind profiles measured by a
915 MHz boundary layer radar (BLR) that operated at
the Universidad de Piura, in the city of Piura (5.2◦ S,
80.6◦ W; Fig. 1), measuring winds below 2.5 km. The
data begins on 7 January 1998 and extends beyond the
study period. This radar is similar to that described by
Ecklund et al. (1988). The data were provided as 30-min
averages and approximately every 100 m in the verti-
cal direction. Gross errors were reduced by removing
data points with speeds larger than 15 ms−1. Then the
data was averaged every two layers and hourly to reduce
sampling and measurement related problems. Plots of
vertical velocity and reflectivity from this BLR were
also used as proxies for determining the occurrence of
rainfall.
– Piura River discharge measured at Puente ˜Na´cara
(5.10◦ S, 80.17◦ W) every two hours. This location is
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Fig. 4. Instantaneous discharge of Piura River measured at Puente
˜Na´cara in 2002. Time is LT.
at the entrance of Chulucanas, which is a town in which
some of the heaviest rainfall associated with El Nin˜o has
been recorded, and, since the Piura River upstream from
this location is unregulated, the discharge represents the
integration of the rain falling on the western slope of
the Piuran Andes, extending upstream from Chulucanas
(Fig. 1). The discharge data was collected by the Chira-
Piura Special Project (Proyecto Especial Chira-Piura;
PECHP).
– Zonal and meridional wind profiles measured by the 50-
MHz boundary layer/troposphere radar (BLTR) operat-
ing at the same location as the BLR. This BLTR sys-
tem is described by Scipio´n et al. (2003). The data was
processed in the Jicamarca Radio Observatory (JRO) of
the Geophysical Institute of Peru (Instituto Geofı´sico
del Peru´; IGP) and were provided as hourly averages
and approximately every 50 m in the vertical direction,
starting from 150 m above the ground. The highest level
considered in this study was 7 km, above which data is
sparse. To reduce sampling and quality related prob-
lems, the data was averaged into 250-m thick layers,
which meant averaging the data of every 5 of the origi-
nal levels.
– NCEP/NCAR Reanalysis wind fields (Kalnay et al.,
1996; Kistler et al., 1996, hereafter Reanalysis). This
data is gridded, 6-hourly, on various pressure levels and
with a horizontal grid spacing of 2.5◦. According to
Schafer et al. (2003), no upper air information from the
region of study was assimilated into the Reanalysis and
the comparison between the locally measured winds and
the Reanalysis winds is rather poor. The poor represen-
tation of the Andes in the Reanalysis model presumably
also contributes the wind errors (Schafer et al., 2003).
Therefore, we will use this data to investigate the large-
scale circulation features only.
4 Methodology
The methodology was chosen to take advantage of the di-
urnal modulation of the convection, mainly through surface
heating and the sea-breeze circulation, that is typically ob-
served in this region. That this was the case during 2002 is
supported by the fact that all of the peaks in the river dis-
charge occurred between 02:00 a.m. and 02:00 p.m. For ex-
ample, according to the results of a survey conducted on the
Fig. 5. Daily rainfall (mm) measured at Piura, Chulucanas and Tam-
bogrande in 2002. Measurements are made at 07:00 a.m. and nega-
tive values indicate missing data.
inhabitants of the region of Chulucanas, on 6 April 2002,
the rainfall started around 04:00 p.m., while the discharge
peak took place at noon of the following day. Similarly, on
7 April the rainfall started around 04:00 or 05:00 p.m., while
the peak in discharge occurred at 06:00 a.m. the following
day. The difference in the delays in these cases may have
been due to the difference in location of the heaviest rainfall.
Furthermore, SST anomalies were moderate, which suggests
that the sea-breeze mechanism was probably dominant.
During the very intense 1997–1998 El Nin˜o both the sea-
breeze and the extended instability mechanisms were impor-
tant (Ordinola et al., unpublished data2). However, there is
also evidence that the rainfall had a distinct diurnal modu-
lation in this period. An inspection of plots of reflectivity
and vertical velocity from the BLR allowed us to determine
the approximate time of the day at which rainfall started at
this location. The mean time for the period from January
through March 1998 was around 07:00 p.m., with a standard
deviation of 2 h. Furthermore, since the 1997–1998 rainy pe-
riod was abnormally long (five months), our methodology
(described below) should be more efficient at picking out the
diurnally locked signals related to the sea-breeze mechanism.
With the previous considerations, we decided to make
composites of the diurnal evolution of the wind during rainy
days and compare these to similar composites for days in
which relatively little or no rain occurred. To do this, we
first made a list of days considered rainy and days considered
dry. For the 1997–1998 period, the rainy days were defined
as those in which the averaged rainfall index exceeded the
smoothed index by 10 mm/day per station or more. Simi-
larly, the dry days were those in which the averaged rainfall
was at least 10 mm/day per station below the smoothed in-
dex. For the 2002 period we used the river discharge data as
an indicator of rainfall. Days in which the following morn-
ing showed a peak in river discharge were taken as rainy.
The magnitude of the peaks had to exceed 500 m3s−1 in or-
der to be considered. Conversely, days in which the follow-
ing morning had discharges below 250 m3s−1 and showed
no hint of peaks were taken as dry. The consideration of the
discharge data of the following morning instead of the same
day was done because of the time delay between the signal
in the river discharge and the signal in rainfall, which can be
of several hours, as was mentioned previously.
Next, the wind profiles of the rainy days were averaged
separately for each hour of the day. The data was considered
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Table 2. Rainy and dry days during December 1997 to April 1998.
Days for which little or no BLR data was available are indicated
with asterisks, and for the days in which morning BLR data were
lacking we indicate the earliest hour of the day at which data was
available.
Rainy days Dry days
15 Dec * 13 Feb (7) 22 Dec * 10 Feb
25 Dec * 18 Feb (7) 23 Dec * 11 Feb
29 Dec * 21 Feb (11) 2 Jan * 15 Feb (7)
30 Dec * 27 Feb (7) 3 Jan * 17 Mar
6 Jan * 10 Mar 4 Jan * 25 Mar
12 Jan 22 Mar 8 Jan (10)
17 Jan 23 Mar 30 Jan
24 Jan 30 Mar 31 Jan
25 Jan 11 Apr 1 Feb
8 Feb * 2 Feb
starting at 08:00 a.m. through 07:00 a.m. of the following
day. In this way, the diurnal evolution of the wind in a com-
posite rainy day was obtained. The same procedure was done
for dry days. For estimating the significance level of the dif-
ferences between the composites, we performed a two-tailed
Student-t test on these. For estimating the number of degrees
of freedom, we used the total number of data points available,
so temporal autocorrelation was not taken into account. As
is mentioned in the following section, this did not affect the
results.
In order to obtain a synoptic scale perspective on the cir-
culation, rainy and dry composites of daytime-averaged wind
fields from the Reanalysis 6-hourly data set were made. The
daily averages were made with the data for 07:00 a.m. and
01:00 p.m. (LT), prior to the time in which convection oc-
curred. This was done to minimize the effect on our results
of the changes produced by the convection itself on the cir-
culation. We did a similar statistical significance test for the
differences as for the radar data, but, since large-scale flow
tends to present higher autocorrelations, we considered the
number of groups of consecutive rainy and dry days when
estimating the number of degrees of freedom.
5 Results
5.1 Classification
The list of rainy and dry days obtained following the proce-
dure indicated in the previous section is shown in Tables 2
and 3. For 1997–1998 this yielded 19 rainy days and 15 dry
days (Table 2). It should be noted that this classification was
generally consistent with what was found from the analysis
of plots of reflectivity and vertical velocity from the BLR,
which allowed for the diagnosis of occurrence of rain, that is
the rainy and dry days found corresponded to days in which
rainfall was observed in the data from the Piura BLR. The
only discrepancies were found with the last two dry days
Table 3. Rainy and dry days during March and April, 2002.
Rainy days Dry days
5 Mar 29 Mar 1 Mar 12 Mar
8 Mar 6 Apr 2 Mar 25 Mar
19 Mar 7 Apr 10 Mar 3 Apr
28 Mar 10 Apr 11 Mar 4 Apr
(17 and 25 March), during which rainfall was observed in
Piura. Except for this, the precipitation index used appeared
to be representative of rainfall both on the regional and lo-
cal scales. This is consistent with the results of Mikami
(1988), who found that the quasi-periodicity was associated
with a pattern of spatially coherent daily rainfall variability
in 1982–1983. For 2002 we obtained 8 rainy and 8 dry days
(Table 3). From Fig. 4, we can see that the rainy days tended
to be clustered together and it is possible to identify a recur-
rence period of around 10 days between groups of events,
which suggests that this was the time scale of large-scale
forcing at this time. A comparison of the discharge data
with station rainfall data (Fig. 5) shows a good agreement
and there are no discrepancies between the classification and
the rainfall reports.
5.2 Local circulation
Composites of the BLR data were restricted to the subset
of listed days in which the data was available. Besides,
due to problems with the BLR system, between 6 February
and 7 March 1998, data were systematically missing from
12:00 a.m. until the system was manually restored in the
morning (L. Flores, personal communication). Despite this,
12 rainy and 9 dry days had adequate data coverage, starting
at 07:00 a.m. in 1998 (Table 2). In 2002, only 29 March had
a serious BLTR data gap, which spans from 10:00 a.m. to
05:00 p.m.
The average diurnal evolution of the circulation observed
by the BLTR is shown in Figs. 6 and 7 for December 1997–
April 1998 and Figs. 8 and 9 for March–April 2002. Gener-
ally speaking, there is good consistency between the results
for the two periods, which supports our assumption about the
predominance of a diurnal modulation. In the top and middle
panels of Figs. 6 and 8 we can see that the zonal wind below
a height of approximately 1 km has a diurnal cycle consistent
with a sea-breeze circulation. In the middle panel of Figs. 6
and 8, corresponding to dry days, we can see that the low
level flow has an onshore component at low levels roughly
between noon and 09:00 p.m. only, and the onshore com-
ponent had a peak of about 2 ms−1 that occurred between
03:00 and 07:00 pm. The overall time mean at these levels
was close to zero during both periods, which emphasizes the
importance of the diurnal variability. In the dry days in both
periods, the flow was easterly above 1.5 km and in the 2002
period we could see that this easterly flow extended at least to
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Fig. 6. Diurnal evolution of BLR zonal wind (ms−1) in rainy days
(top) and dry days (middle) and the difference between the two (bot-
tom) in the period January 1997 to April 1998. Only differences that
pass a Student-t test at the 95% level are shaded.
Fig. 7. Similar to Fig. 6 but for meridional wind.
7 km with a maximum located around 4 km, which was also
true of the overall mean of the period. Flores et al. (2002)
used wind data from a VHF radar for the 1991–2000 period
that the mean zonal flow above 2 km is easterly and that the
peak in the easterlies is found between 4 and 5 km, but that
in the summer of 1997–1998 the peak was at approximately
9 km.
During rainy days the zonal wind below 1 km (upper pan-
els of Figs. 6 and 8) had a diurnal evolution similar to the
dry days, but the onshore component was stronger and was
present earlier. In both periods, there appears to have been a
significant increase in the onshore flow between 1 and 1.5 km
between 09:00 a.m. and noon. In March–April 2002, onshore
flow at the level of 1.5 km was present throughout the day.
In both periods, above 1.5 km the flow was strongly modified
as the day evolved, with the easterly flow being progressively
Fig. 8. Similar to Fig. 6 but for BLTR data for March–April 2002.
replaced by westerly flow starting near 1.5 km at around noon
and, in 2002, at least, extending further up to around 4–5 km
in the evening. It should be noted that the zonal wind results
for 2002 are robust despite the smallness of the sample size.
Calculations in which the days with the strongest discharge
peaks were omitted and calculations in which only the first
day of each group of rainy and dry events were considered
gave essentially the same results.
The mean meridional wind below 2 km is southerly and
has a jet-like structure. The January–April 1998 mean had a
peak of 2.5 ms−1 at a height of approximately 500 m, while
that of March–April 2002 had a magnitude of 4.5 ms−1 and
was less sharply located, between 300 and 500 m. In the top
and middle panels of Figs. 7 and 9 we see that the merid-
ional flow at low levels has a clear diurnal cycle, with a min-
imum approximately between 10:00 a.m. and 02:00 p.m. and
stronger in the evening. The composites hint at two maxima,
one between 04:00 p.m. and 10:00 p.m. and other less well
defined at nighttime extending to the next morning.
The late maximum in the meridional flow is significantly
weaker in the 2002 rainy day composite and is actually ab-
sent in the 1997–1998 rainy day composite; it can be seen
in the lower panels of Figs. 7 and 9 that this difference from
the dry days is statistically significant. The differences ap-
pear to extend to the following morning in the 2002 com-
posites, but this is apparently due to the use of consecutive
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days in the composites, so we believe this to be a conse-
quence of the convection. In the 1998 rainy day composite
the afternoon-early evening maximum is also significantly
weaker than in the dry case, and the meridional flow is prac-
tically zero after 06:00 pm. Above 2 km the meridional wind
tends to be northerly and Flores et al. (2002) found that the
diurnal cycle in the 2–5 km layer shows a northerly peak of
1 ms−1 at 04:00 p.m. and a minimum magnitude of around
zero, which corresponds to a slightly southerly flow, between
08:00 p.m. and 08:00 a.m. In our 2002 data, the variabil-
ity of the meridional wind above 3 km was dominated by
quasi-oscillations with periods of around 4 and 5 days and
amplitudes of approximately 6 ms−1, so our analysis of the
diurnal evolution at those levels is probably contaminated by
this variability. The variability on 4–5 day time scales tends
to dominate synoptic scale meridional wind variability in the
tropics and is generally associated with easterly waves or
mixed Rossby-gravity waves (e.g. Petersen et al., 2003, and
references therein) but an adequate description of this vari-
ability in Piura and its relation to larger scale-flow deserves
a more comprehensive study.
The analysis of these results suggests that the strengthen-
ing of the onshore component of the zonal wind at a height
of between 1 and 1.5 km in the morning and early after-
noon favors the genesis of convection. This might happen
through a related enhancement of flow over the western slope
of the Andes that could help air parcels to reach their LFC.
After a convective system has formed, it will tend to mod-
ify the regional circulation. We speculate that the progres-
sively higher vertical extension of the westerly wind in the
evening is due to low-level convergence and vertical trans-
port of westerly momentum from the boundary layer into the
mid-levels driven by the developing convective system.
5.3 Synoptic circulation
In the region around Piura the low-level winds had a weaker
easterly component in the rainy days than in dry days during
both periods of study (Figs. 10 and 11, top-left and top-right),
consistent with the BLTR data. In both periods, the 850-mb
easterly flow during rainy days was reduced almost to zero,
while the 700 mb was easterly in both rainy and dry cases.
The flow differences are essentially in the zonal component
and are confined between 6◦ N and 10◦ S, which gives us a
meridional extent of around 1800 km. The zonal extent is
roughly around 3500 km (Figs. 10 and 11, top-left and top-
right). Significant flow differences extended more towards
the west and had a broader latitudinal extent in 1997–1998
than in 2002, particularly at 850 mb. Also, east of the An-
des the flow difference was more zonal in 2002, while in
1997–1998 there was a stronger northerly component during
rainy days. North of approximately 4◦ N and east of 95◦ W
there appears to be some evidence of a stronger northerly
flow component during rainy days, particularly at 700 mb,
but the location of the enhancement is not very consistent
between the two periods.
Fig. 9. Similar to Fig. 8 but for meridional wind.
At the 500-mb level, the flow differences are quite differ-
ent between the two periods, except, perhaps, for a stronger
southerly flow west of the Peruvian shore during rainy days
than on dry days (Figs. 10 and 11, bottom-left).
At the 200-mb level, the only robust feature seems to be an
easterly enhancement of flow straddling the equator west of
Piura during 1997–1998. Other features were not consistent
between periods and were probably not significant (Figs. 10
and 11, bottom-right).
Wheeler et al. (2000) documented the dynamical structure
of convectively coupled equatorially trapped waves in the
troposphere using Reanalysis data. Of special interest are
the Kelvin and equatorial Rossby waves, which have a zonal
wind signal at the equator and, in their study, were present in
the period range of 7–10 days inferred from our study. Fur-
thermore, the equatorial low-level zonal wind signals found
in our study for both periods have a similar meridional extent
to those found by Wheeler et al. (2000) for the Kelvin and
the first meridional mode (n=1) Rossby wave. However, the
convectively coupled waves have an upper-level flow struc-
ture similar to that at low levels, but with a reversed sign.
This was found in 1997–1998, but was not a significant fea-
ture in 2002.
In the 2002 period, Kelvin or Rossby waves propagat-
ing with reduced-gravity dynamics in the boundary layer,
which would have an e-folding scale of about 16◦latitude,
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Fig. 10. Differences (rainy days minus dry days) in the composited NCEP/NCAR Reanalysis horizontal winds (ms−1) during December
1997–April 1998 at 850 mb (top-left), 700 mb (top-right), 500 mb (bottom left) and 200 mb (bottom-right). Difference vectors for which at
least one of their components pass a Student-t test at the 95% level are thicker. The red dot indicates the approximate position of Piura. Grey
shading indicates where the pressure level is higher than the mean surface pressure.
associated with a wave speed of 18 ms−1 (Battisti et al.,
1999), might have been more important than convectively
coupled waves.
A simple lagged compositing of the synoptic circulation
fields did not show clear signs of propagation or give clear
evidence that any of these waves was dominant. A care-
ful and detailed study, perhaps decomposing the circulation
fields onto the different wave modes, will be necessary to
assess the relative importance of these waves in Piura.
6 Summary and discussion
We have looked for systematic differences between the circu-
lation (local and on synoptic scale) in days favored with rain-
fall and days that were not, during two periods in which the
mean conditions, particularly SST, were favorable for the oc-
currence of rainfall in the otherwise arid Piura, in the north-
ern coast of Peru. The periods were December 1997–April
1998, which corresponded to one of the strongest El Nin˜o
on record, and March and April 2002, during which local
SST was anomalously high and rainfall was typical of a weak
to moderate El Nin˜o. Local and synoptic-scale wind data
was composited according to averaged station rainfall data
for the 1997–1998 period and instantaneous river discharge
data, which served as a good proxy for rainfall, for the 2002
period.
The composites of the local circulation were made from
hourly wind profiles from wind profiling radars in Piura,
a 915 MHz BLR for 1998 and a 50 MHz BLTR for 2002.
The compositing of hourly data was done to capitalize on
the diurnal variation of rainfall, which is related to the in-
solation cycle through the surface air heating and the sea-
breeze circulation mechanism. The synoptic scale circulation
composites were made from daytime-averaged (07:00 a.m.
and 01:00 p.m. LT) NCEP/NCAR Reanalysis pressure-level
winds. Only daytime data was considered to minimize the ef-
fect of the modification of the circulation by the convection
on the composites.
Our results suggest that, given that the SST is favorable
for rainfall to occur, days with a morning enhancement of
onshore flow near the top of the boundary layer (approxi-
mately 1.5 km above the surface) are more likely to have
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Fig. 11. Similar to Fig. 10 but for March–April 2002.
rainfall over Piura. In the afternoon onshore flow tends to
strengthen further and extend further upwards, which we
speculate may be due to low-level zonal momentum conver-
gence and vertical transport due to the developing convec-
tion. There also appears to be a reduction in the low-level
southerlies in the afternoon and through the night, which we
also attribute to the convectively driven circulation. The rain-
fall events on Piura tended to be clustered and these clusters
had a recurrence time of between roughly 7 and 10 days.
The enhanced onshore could favor rainfall through an asso-
ciated forced lifting of air parcels up the western slope of the
Andes to their LFC, which could trigger convection. This
forcing would be more efficient when superposed on the sea-
breeze circulation, which has been invoked previously as an
important mechanism for the genesis and timing of the rain-
fall. It is interesting to note that the meridional wind seems
to have little relevance to the occurrence of rainfall. This
sheds new light on the remark by Eguiguren (1894), who
said “... it is a constantly observed fact that it does not rain
in Piura but when winds blow more or less strongly from the
northwest” (translation by the present author). He consid-
ered the northerly component of this wind to have the great-
est relevance to rainfall but in our study we found that the
mean meridional wind was essentially from the south and
that the westerly component was the most relevant to rain-
fall. An interpretation of this apparent discrepancy is that
what Eguiguren observed was the effect of convection devel-
oping on the slope of the Andes. Convective systems during
the El Nin˜o events have been observed to typically migrate
westward (Horel and Cornejo-Garrido (1986); Ordinola et
al., unpublished data2) so convection breaking out on the An-
dean slope tends to precede the rainfall on the lowlands. So,
in the lowlands the northwesterly anomalies in the afternoon,
which we argue is driven by the convection further inland,
would precede the rainfall.
Our results indicate that, in both periods of study, rainfall
was controlled by synoptic scale activity. This is evident in
the rainfall data for 1997–1998 but not necessarily in that for
2002. Nevertheless, in both periods the low-level westerly
flow enhancement over Piura during rainy days appears to
have been related to a synoptic-scale weakening of the east-
erlies. This weakening extended between 10◦ S and 6◦ N and
had a zonal extent of approximately 3500 km. At 500 mb,
the only somewhat consistent feature between the two peri-
ods appears to have been an enhancement of the southerly
flow west of the central coast of Peru. At 200 mb, the only
robust feature seems to have been an easterly enhancement
of the equatorial flow west of Piura during 1997–1998.
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The time scales (7–10 days) and structure of the wind dif-
ference fields suggests that the variability over Piura may be
related to equatorial waves, particularly to convectively cou-
pled (Wheeler et al., 2000) and/or boundary-layer trapped
Kelvin and/or n=1 Rossby waves. Further studies are neces-
sary to address the relative importance of these waves, which
could have important consequences for the predictability of
rainfall in Piura on synoptic time scales.
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